The present paper describes a numerical method, aimed to simulate the flow field of vertical-axis wind turbines, based on the solution of the steady, incompressible, laminar Navier-Stokes equations in cylindrical coordinates. The flow equations, written in conservation law form, are discretized using a control volume approach on a staggered grid. The effect of the spinning blades is simulated by distributing a time-averaged source terms in the ring of control volumes that lie in the path of turbine blades. The numerical procedure used here, based on the control volume approach, is the widely known "SIMPLER" algorithm. The resulting algebraic equations are solved by the TriDiagonal Matrix Algorithm (TDMA) in the r-and z-directions and the Cyclic TDMA in the 0-direction. The indicial model is used to simulate the effect of dynamic stall at low tip-speed ratio values. The viscous model, developed here, is used to predict aerodynamic loads and performance for the Sandia 17-m wind turbine. Predictions of the viscous model are compared with both experimental data and results from the CARDAAV aerodynamic code based on the Double-Multiple Streamtube Model. According to the experimental results, the analysis of local and global performance predictions by the 3D viscous model including dynamic stall effects shows a good improvement with respect to previous 2D models.
ind energy is considered to be a promising renewable energy source, particularly for remote areas, like islands and mountainous regions. Advances in largescale wind energy systems, significant cost reductions, more efficient manufacturing techniques, increasing technical experience and the increasing environmental awareness have contributed greatly to the use of wind energy. Although invented in 1931, the Darrieus turbine did not see extensive development until the 1970s during the world wide oil crisis where a considerable amount of work has been done with regard to the aerodynamics of vertical-axis wind turbines. Aerodynamic analysis of vertical-axis wind turbines is based on several methods which can be classified into two major categories: momentum models and vortex models. Updated reviews of the state of the art of such methods, including the appropriate references are provided by Strickland [1986] , Turyan et al. [1987] , and Paraschivoiu [1988] .
The major contribution to the unsteady aerodynamics of the Darrieus rotor is dynamic stall, which occurs at low tip-speed ratios and its effects have a significant role in drive-train calculation, generator sizing and overall system design. Therefore, the ability to predict dynamic stall is of crucial importance for optimizing the Darrieus wind turbine. The theoretical methods of dynamic stall are still limited in their scope and prohibitively expensive in term of computer CPU time. Although Navier- Stokes solvers have been used to simulate dynamic stall (Shida et al. [1987] , Daube et al. [1989] , Tuncer et al. [1990] , and Visbal [1990] ), most of the studies were concerned with helicopter retreating-blade stall or agile fighter aircraft and have thus considered pitching airfoils and not the rotation motion encountered by the blades of a Darrieus turbine. That is why our research group, attached to the J.-A. Bombardier Aeronautical Chair, is working on a Navier-Stokes solver able to simulate the flow around an airfoil in Darrieus motion under dynamic stall conditions (Tclaon et al. [1993] ). Our research group has also investigated several semi-empirical methods such as Gormont, MIT and Indicial models (Allet and A. ALLET AND I. PARASCHIVOIU Paraschivoiu [1988] ). For practical reasons, the indicial model, which is one of the most recent semi-empirical models, is used in this study to simulate the effects of dynamic stall.
THREE-DIMENSIONAL VISCOUS MODEL
The steady, incompressible, laminar Navier-Stokes equations in cylindrical coordinates are solved for the flow field and Performance characteristics of a vertical-axis wind turbine. This approach was first developed for the Euler equations (Rajagopalan [1985] ) and extended to Navier-Stokes equations (Rajagopalan [1986] ). The flow equations, written in conservation law form, are discretized using a control volume approach and the resulting elliptic equations are solved by a line-by-line method. The numerical procedure used for solving the flow governing equations is based on the widely known "SIMPLER" algorithm developed by Patankar [1980] . The turbine blades are modeled through the source terms in the momentum equations used to solve the flow field. The essentials of this analysis are presented in the following subsections.
Flow Field Modeling
Some general features of the Sandia 17-m vertical-axis wind turbine are presented in Fig. 1 Reddy and Kaza [1987] .
Indicial Model
The methodology of semi-empirical models often relies on the reduction and resynthesis of aerodynamic test data from unsteady airfoil tests. In the interest of computational simplicity, some models sacrifice physical realism and so may have limited generality in their application.
The aim of this section is to introduce the indicial method used in our aerodynamic analysis to simulate dynamic stall. This model, originally developed by Beddoes 1983 Beddoes , 1984 in the early 80' s, has continued to improve since then (Beddoes and Leishman [1989] (10) where e E, the effective angle of attack is defined by: with OE--" On_ + 0 (t) (11) c(t) Ao-A exp(-blS' -A 2 exp (-b2s' (12) The constants of Eq. (12) are determined on the basis of theoretical considerations and optimization to fit experimental results (Beddoes [1984] 
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12F--CLot Fig. 9 . According to this figure, a minimum of 40 points are needed to get a sufficient computational grid in the 0-direction. For the z-direction, Fig. 10 shows that 26 points at least were necessary to get an asymptotic value of Cp. Thus, for all the following computations, the fineness of the grid was maintained at (66 48 26) points. A last feature about Fig. 10 is that at the end of the optimization exercise, the calculated value of the power coefficient Cp is almost equal to the corresponding experimental value (Cp(exp) 0.387). A convergence history of Cp with the number of iterations is presented in Fig. 11 for the same conditions used in the determination of the grid size. As seen in this figure, Number of points in G-direction FIGURE 9 Effect of grid points in 0-direction on power coefficient. [1987] for a rotational speed of 50.6rpm. This figure offers a more interesting comparison between several aerodynamic models and the viscous code. These aerodynamic codes are: double-multiple streamtube model (CARDAAV, CARDAAX)of Paraschivoiu [1988] , the model based on vortex theory (VDART3) developed by Strickland [1979] and the model based on local circulation theory (MCL) developed by Mass6 [1986] . First As a follow-up, considerable improvement could also be achieved for future predictions. For instance this numerical solver could be easily extended to include the turbulent nature of the wind by using a stochastic model (see reference of Brahimi and Paraschivoiu [1992] ). 
